Aqueous electrochemical energy storage devices have attracted significant attention owing to their high safety, low cost and environmental friendliness. However, their applications have been limited by a narrow potential window (B1.23 V), beyond which the hydrogen and oxygen evolution reactions occur. Here we report the formation of layered Mn 5 O 8 pseudocapacitor electrode material with a well-ordered hydroxylated interphase. A symmetric full cell using such electrodes demonstrates a stable potential window of 3.0 V in an aqueous electrolyte, as well as high energy and power performance, nearly 100% coulombic efficiency and 85% energy efficiency after 25,000 charge-discharge cycles. The interplay between hydroxylated interphase on the surface and the unique bivalence structure of Mn 5 O 8 suppresses the gas evolution reactions, offers a two-electron charge transfer via Mn 2 þ /Mn 4 þ redox couple, and provides facile pathway for Na-ion transport via intra-/inter-layer defects of Mn 5 O 8 .
R echargeable aqueous electrochemical energy storage (EES) devices, especially ones using earth-abundant and non-toxic materials, have shown great promise for many applications owing to their high safety, low cost and environmental friendliness 1 . However, the thermodynamically stable potential window for aqueous EES has an intrinsic limit of 1.23 V, beyond which the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) occur. The evolved gas from electrolyte decomposition also severely deteriorates the electrode. A potential window of 1.23 V is too narrow for storage devices to achieve high energy and power performance.
Extensive efforts have been made to break this limit on the potential window while retaining the benefits of aqueous energy storage systems. One approach is to adjust the pH of the electrolyte to suppress HER and/or OER 1 . An aqueous battery of 2.8 V was reported by using basic electrolyte in the anode compartment (to decrease HER potential following Nernst equation) and acidic electrolyte in the cathode compartment (to increase OER potential) 2 . A Li-ion-conductive membrane was therefore needed to separate two compartments with the drastic pH difference. Another approach to suppress gas evolution is through utilization of solid-electrolyte interphase (SEI). Such interphase is ion-conductive and but not electron-conductive, protecting the electrode (for example, Li anode) from direct contact with water 3 . Recently, Suo et al. reported a water-in-salt electrolyte, by dissolving concentrated Li-bis(trifluoromethane sulfonyl)imide salt in water. This electrolyte system introduces a desirable SEI that enables an aqueous Li-ion full cell operation at 2.3 V for more than 1,000 cycles 4 . Although these excellent works open up the opportunities for improving the potential window, the intrinsic limitation of the ionic conductivity in Li-ion-based aqueous systems has hindered high-rate performance of the cell, especially for the pseudocapacitive storage.
Here we report a high-rate high-voltage aqueous Na-ion full cell system based on a surface hydroxylated Mn 5 O 8 electrode. As probed by synchrotron-based surface-sensitive soft X-ray spectroscopy (sXAS), an ice-like surface hydroxyl layer is formed after cycling. Density functional theory (DFT) calculations show that the interplay between the hydroxylated interphase and the unique bivalence (Mn 2 þ 2 Mn 4 þ 3 O 8 ) layered structure suppresses the HER and OER with a stable potential window of 3.0 V. The system exhibits a two-electron charge transfer via Mn 2 þ /Mn 4 þ redox couple, and provides facile pathway for Na-ion transport at high rate. The 3.0 V aqueous symmetric full cell exhibits a high energy density, 23 Wh kg À 1 at a rate of 550 C, with nearly 100% coulombic efficiency and 85% energy efficiency after 25,000 charge-discharge cycles. Fig. 1 ) and PDF analyses. Transmission electron microscopy (TEM) and scanning TEM showed that Mn 5 O 8 particles have an average size of 19 nm and possess a highly crystalline monoclinic structure (Fig. 1d,e) 5 . X-ray photoelectron spectroscopy (XPS) Fig. 5 ). Figure 2a also shows nearly reversible current-voltage curves with discernable redox peaks from 1 to 1,000 mV s À 1 , suggesting mixed contributions from pseudocapacitive and redox processes. There are noticeable peak shifts (blue arrows) with scan rates and peak separation between anodic and cathodic scans. The peak separation increases with scan rates but in a considerably less extent compared with battery materials. The increased peak separation is typically attributed to a higher overpotential that is required to transport the ions at faster rates. Therefore, the less-distinct peak separation here indicates that our system has the potential for high-power capability with facile Na-ion transport 6 . In addition to neutral electrolyte, CVs of Mn 5 O 8 electrodes were also conducted in Na 2 SO 4 -based electrolytes with different pH values, showing very similar behaviour in the CVs and gravimetric capacitances at the various scan rates (Supplementary Fig. 6 ). Current-voltage relationship provides insight into the chargestorage mechanism. Assuming that the current (i) obeys the power law relationship with scan rate (v) at a given potential, and can be expressed as a combination of surface-controlled capacitive effects (i 1 
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Plotting i/v ½ versus v ½ curves at a given potential, allows for the calculation of k 1 and k 2 . Thus, the contributions from capacitive charge and diffusion-limited redox charge during the CV cycling are extracted quantitatively ( Fig. 2b cell displays a stable potential window of 3.0 V after 2,000 charge and discharge cycles, the largest stable potential window ever reported for an aqueous storage device. Nearly linear potential-capacity curves, characteristic of a pseudocapacitive response, are observed (Fig. 3a) . When current densities increase from 5 to 50 A g À 1 , discharge times evolve from B42 s (corresponding to a rate of 85.7 C) to 0.75 s (a rate of 4,800 C), and electrode capacities change from 116 to 20 mAh g À 1 accordingly. Figure 3b shows charge and discharge potential-capacity curves at various current densities ( Supplementary Fig. 9 ). The discharge curve is lower than charge curve, reflecting the charge and energy losses during cycling. Coloumbic and energy efficiencies, the ratio of the amount of charge and energy that are taken from the device versus the amount that was stored during each cycle, are shown in Fig. 10 ). This result indicates Mn 5 O 8 acts closer to a batteries-like electrode materials at low-rate, during which storage capacity is contributed significantly from diffusion-limited redox process. This is confirmed by non-linear voltage-capacity curves at low rate, exhibiting voltage plateaus ( Supplementary Fig. 11 ), concurrent with the results obtained from CV measurements in half-cell showing that diffusion-limited redox process contributed predominately to the overall charge stored at low scan rates (Fig. 2c) . The fact, that Mn 5 O 8 electrode capacities show an optimal performance at a current density of 5 A g À 1 and fade remarkably at the low current densities (for example, 0.5 and 1 A g À 1 ) in the prolonged cycles, could also be attributed to a parasitic reaction from either hydrogen or oxygen evolution occurring at low rates. The resulting gas evolution could deteriorate the Mn 5 O 8 electrode and cause the loss of capacity at prolonged cycles. It has also been pointed out that though electrode material contains Mn 3 O 4 impurity phase (o20%), it shows very sluggish electro-kinetics of HER and OER as shown in TAFEL plots and slopes (Supplementary Figs 4 and 5) , indicating high overpotential towards HER and OER at off-equilibrium electrochemical process at high rates. On the other hand, at low rates (0.5 and 1 A g À 1 ), parasitic reaction from gas evolution, possibly catalysed by Mn 3 O 4 impurity phase, may occur in near-equilibrium condition and deteriorate the electrode materials.
Mn 5 O 8 electrode materials show relatively low discharge capacities in the initial cycles, and then the capacities continuously increase before showing steady fades for the rest of the cycles. Although similar behaviours have been reported in several electrode systems [8] [9] [10] , the exact mechanism of the capacity increase in the initial cycling is still unclear. It has been suggested that initial cycling may help the electrode materials reach their optimal condition by facilitating the ionic transport 9 . We believe our Mn 5 O 8 electrode may undergo a similar prolonged-conditioning process during the initial cycling, reflected by the overall electrical resistance of the button-cell as calculated by i-R drop during the discharge processes. Our data show that the cell resistances decrease during the initial cycles and eventually become relatively stable and then start to increase again ( Supplementary Fig. 12 ). Correspondingly, electrode capacities show nearly opposite trends compared with cell resistances: the discharge capacities start to increase at initial cycles in a continuous manor and then show a steady fading for the rest of cycles. We have also pre-soaked the electrode materials in Na 2 SO 4 electrolyte before cell assembling in order to improve ionic transport at electrode and electrolyte interface. However, it shows that electrode capacities appear very similar trends to those shown in Fig. 3c  (Supplementary Figs 10 and 13) . The results indicate that Na-ions transport within Mn 5 O 8 materials during the initial cycling accounts for the large cell resistance. 17,400 W kg À 1 ; and even more impressively, exhibit volumetric energy and power densities ofB13 Wh l À 1 and 6,000 W l À 1 (Fig. 3f) . These values, obtained after 2,000 cycles, are much higher than those of several aqueous and even non-aqueous devices found in commercial products (less than five cycles) and recent literature in terms of gravimetric performance [11] [12] [13] [14] [15] , and volumetric performance [16] [17] [18] [19] [20] Supplementary Fig. 15 ). Fortunately, surface and elemental sensitivity could be achieved by synchrotron-based soft X-ray spectroscopy through the electron-decay channel 21 . In sharp contrast to neutron scattering, sXAS measurement was conducted in the ultra-high vacuum condition, so that weakly adsorbed water molecules (physically adsorbed or dissociatively adsorbed water) were completely removed and only strongly bonded molecules (for example, interphase) remained on surface. In particular, it has been well established that the hydroxyl group could be probed in water and organic molecules through oxygen K-edge sXAS, with two features at B535 and 537 eV from the unsaturated H-bonds, known as the 'water pre-edge' and 'water main-peak', respectively [22] [23] [24] [25] . In addition, another post-edge hump above 540 eV is from the saturated H-bonds, especially visible in ice 23 . Figure 4a is the O-K sXAS results collected on the pristine and cycled Mn 5 O 8 electrodes with a surface probe depth of 10 nm. It is evident that, upon cycling, Mn 5 O 8 electrode displays both the fingerprinting water-features at the 535 and 537 eV. These features resemble exactly the 'pre-edge' and 'main peak' from water. Therefore, the strong spectral lineshape contrast between the pristine and the cycled electrode evidently indicates the formation of hydroxylated species on the electrode surface upon cycling. Moreover, the O-K features between 528 and 534 eV represents the spectroscopic excitations to the hybridized state of O-2p and Mn-3d, which are split by the crystal field of the local Mn-O coordination geometry 26 . A clear loss of intensity on this hybridization feature is observed after cycling. This intensity loss is further proof of the change of the Mn-O coordination on the surface and is consistent with the formation of hydroxyl group that covers the surface of the electrode.
Due to the great sensitivity of the sXAS lineshape to the hydroxyl structure, the O-K spectra reveals a very interesting molecular arrangement of the hydroxyl groups on the surface of Mn 5 O 8 electrode. Because the Mn-3d/O-2p hybridization features between 528 and 534 eV are purely from Mn 5 O 8 contribution, we can normalize the spectral intensity to these features and subtract the Mn 5 O 8 (pristine) signal from the after-cycling data to obtain the surface hydroxyl signal. The spectrum of the obtained surface hydroxyl signal is plotted in Fig. 4b (purple) . It is clear that the surface hydroxyl layer is different from ice, missing the high energy hump from the saturated H-bonds in ice 23 . It reproduces the 'pre-peak' and 'main peak' of liquid water 22, 23 , with the 'main peak' at 537.5 eV dominating the spectrum. The enhancement of this main peak has been predicted by theoretical calculations 23 , which stems from a combination of an extended O-O distance and perfectly aligned H-bonds along the O-O direction. The calculation result of the O-O distance of 3.50 Å with such a well-aligned H-bond is shown in Fig. 4b for comparison. Therefore, the O-K sXAS not only evidently shows that a hydroxyl layer is formed on the surface of the Mn 5 O 8 electrodes after cycling, it also indicates a striking ordering of the absorbed molecules, with perfectly aligned H-bonds along O-O direction, like that in ice, but with a much longer distance between the O atoms. Although the underlying mechanism of the formation of hydroxylated interphase is still unclear, we believe it is largely due to the interaction between Mn 5 O 8 surface and water during the electrochemical cycling since no hydroxylated interphase is observed in the pristine Mn 5 O 8 material (Fig. 4a) . DFT calculations show that Mn 2 þ terminated (100) surface of Mn 5 O 8 has a lower surface energy (0.87 J m À 2 ) than Mn 4 þ terminated (100) surface (1.80 J m À 2 ). Therefore, the interaction between Mn 2 þ and water during the electrochemical cycling might account for the formation of hydroxylated interphase on the Mn 2 þ terminated (100) surface of Mn 5 O 8 . Second, the charge-storage mechanism is revealed by the Mn L-edge sXAS measurements (Fig. 4c) . Mn-L sXAS is a direct probe of the Mn-3d electron states, so the spectral lineshape is very sensitive to the normal valence of Mn 27, 28 . Figure 4c Fig. 16 ). The activation energy of the rate-determining step is all substantially higher for OER, indicating that OER is intrinsically difficult on all three surfaces. The activation energy of water dissociation, limiting step of HER, follows the order of hydroxylated Mn 5 This work shows that an unprecedented potential window of 3.0 V in aqueous Na-ion system can be achieved through the use of surface hydroxylated Mn 5 O 8 electrodes. Gas evolution reactions are effectively inhibited through the interplay between the Mn 2 þ terminated surface and hydroxylated interphase. In addition, the superior power performance of Mn 5 O 8 cell can be attributed to the unique layered, bivalence structure of Mn 5 O 8 that enables facile Na-ion transport. In general, the ion transport through the electrode and electrolyte interface is critical for the rate performance of energy storage devices. Typical approaches to mitigate the transport barrier include decreasing the dimension of electrode materials to nanoscale, designing functional layered structure for facile ion intercalation, coating secondary conductive material on electrode surface, or developing cation-disordered electrode materials with decreased energy barrier for ion transport 6, 8, [30] [31] [32] . Mn 2 þ terminated (100) surface of Mn 5 O 8 has plenty of unoccupied sites, and hence provides natural tunnels for Na-ion transport along o1004 direction (black arrows) (Supplementary Fig. 17 ). Through the surface-sensitive soft X-ray spectroscopy, we also reveal the formation of a strikingly ordered ice-like surface hydroxyl layer but with much longer O-O distance after cycling. It is also possible that such a hydroxylated coating on the surface of Mn 5 O 8 modifies the interaction between Na-ion with Mn 5 O 8 by facilitating the electrostatic interaction between Na-ion and hydroxyl oxygen (red arrow). Although the electrochemical properties of Mn 5 Free energy (eV) the performance comparable to that of non-aqueous Li-ion batteries, but much safer, less costly and more environmentally benign. In addition, it will be an interesting topic for further studies on whether and how a well ordered hydroxylated interphase could form on the surface of other metal oxides, increase their overpotential towards gas evolution reactions, and therefore increase the potential window of aqueous energy storage. ) and then dissolving the mixture in DI H 2 O to a concentration of 0.5 mg ml À 1 . The resulted solution was subsequently sonicated until manganese oxide was evenly dispersed in the solution and 10 ml suspension taken by pipette (Eppendorf, Inc.) was drop-cast onto the glassy carbon working electrode (0.5 cm in diameter and 0.196 cm 2 in geometric surface area). Afterwards, the working electrode was dried in vacuum with a loading of Mn 5 O 8 (3.5 mg) and carbon black (1.5 mg). Electrochemical tests were conducted in a 250 ml flat-bottom flask that contained 100 ml 0.1 M Na 2 SO 4 electrolyte (Alfa Aesar, 99.9955%) in argon-purged H 2 O with a rotating rate of 500 r.p.m. CV was conducted at voltage scan rates from 1 to 1,000 mV s À 1 for six segments (three cycles) within a potential range of À 1.7 to 0.8 V (versus MSE). Symmetric two-electrode button-cells were fabricated for long-term durability and stability analyses. Each electrode for full cell tests consisted of a disk (1.5 cm in diameter, 1.77 cm 2 in area) of Toray carbon paper (E-Tek, Inc.), which was coated with B5 mg Mn 5 O 8 and 1.25 mg carbon black through drop casting. The opposing electrodes were separated via cellulose-based porous filter paper (Whatman). And each button-cell contains 200 ml 1 M Na 2 SO 4 electrolyte (Alfa Aesar, 99.9955%). A stainless steel plate was placed on one side of the cell and in conjunction with a tightening bolt to ensure good electrical contact. Chronopotentiometry measurements were conducted at constant current densities from 0.5 to 50 A g À 1 (with respective to each electrode for full cell measurements).
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